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Edited by Berend WieringaAbstract Aﬃxin/b-parvin is an integrin-linked kinase (ILK)-
binding focal adhesion protein highly expressed in skeletal mus-
cle and heart. To elucidate the possible role of aﬃxin in skeletal
muscle, we established stable C2C12 cell line expressing T7-
tagged human aﬃxin (C2C12-aﬃxin cells). Exogenous expres-
sion of aﬃxin promotes lamellipodium formation where aﬃxin,
ILK ap21-activated kinase (PAK)-interactive exchange factor
(PIX) and bPIX accumulate. The association of aﬃxin and
bPIX was conﬁrmed by immunoprecipitation and pull down as-
say. In C2C12-aﬃxin cells, an increased level of activated
Rac1 but not Cdc42 was observed, and mutant bPIX lacking
guanine nucleotide exchange factor activity inhibited lamellipo-
dium formation. These results suggest that aﬃxin is involved in
reorganization of subsarcolemmal cytoskeletal actin by activa-
tion of Rac1 through a and bPIXs in skeletal muscle.
Structured summary:
MINT-6179203, MINT-6179212, MINT-6178859, MINT-
6178812, MINT-6178832, MINT-6178843:
Aﬃxin (uniprotkb:Q9HBI1) physically interacts (MI:0218)
with bpix (uniprotkb:Q9ES28) by coimmunoprecipitation
(MI:0019)
MINT-6179221:
Aﬃxin (uniprotkb:Q9HBI1) physically interacts (MI:0218)
with apix (uniprotkb:Q8K4I3) by coimmunoprecipitation
(MI:0019)
MINT-6178962, MINT-6178983:
Aﬃxin (uniprotkb:Q9HBI1) physically interacts (MI:0218)
with bpix (uniprotkb:Q9ES28) by pull-down (MI:0096)
MINT-6179002, MINT-6179021:
Aﬃxin (uniprotkb:Q9HBI1) binds (MI:0407) bpix (uni-
protkb:Q9ES28) by pull-down (MI:0096)
MINT-6179039:
PAK1 (uniprotkb:Q13153) physically interacts (MI:0218)
with Rac1 (uniprotkb:P63001) by pull-down (MI:0096)Abbreviations: ILK, integrin-linked kinase; PIX, PAK-interactive
exchange factor; C2C12-aﬃxin, stable C2C12 cell line expressing T7-
tagged human aﬃxin; GEF, guanine nucleotide exchange factor; GST,
gulutathione S-transferase; CH, caponin-homology; DH, Dbl-homol-
ogy; PH, pleckstrin-homology; PAK, p21-activated kinase; CHO,
Chinese hamster ovary
*Corresponding author. Fax: +81 29 861 6482.
E-mail address: c-matsuda@aist.go.jp (C. Matsuda).
0014-5793/$34.00  2008 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2008.01.064MINT-6179054:
PAK1 (uniprotkb:Q13153) physically interacts (MI:0218)
with Cdc42 (uniprotkb:P70766) by pull-down (MI:0096)
MINT-6178790:
Aﬃxin (uniprotkb:Q9HBI1), apix (uniprotkb:Q8K4I3) colo-
calize (MI:0403) by ﬂuorescence microscopy (MI:0416)
MINT-6178760:
Aﬃxin (uniprotkb:Q9HBI1) and bpix (uniprotkb:Q9ES28)
colocalize (MI:0403) by ﬂuorescence microscopy (MI:0416)
MINT-6178801:
Aﬃxin (uniprotkb:Q9HBI1) and dysferlin (uniprotkb:
Q9ESD7) colocalize (MI:0403) by ﬂuorescence microscopy
(MI:0416)
MINT-6178779:
Aﬃxin (uniprotkb:Q9HBI1) and ILK (uniprotkb:O55222)
colocalize (MI:0403) by ﬂuorescence microscopy (MI:0416)
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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actin1. Introduction
Aﬃxin/b-parvin (aﬃxin) [1,2] is one of family of parvin
family together with a-parvin/actopaxin/CH-ILKBP [1,3,4],
and c-parvin [1]. Parvins contain two caponin-homology
(CH) domains and are known to have important role in focal
adhesion, cell spreading and motility [5]. Our previous results
revealed that aﬃxin associates with ap21-activated kinase
(PAK)-interactive exchange factor (PIX)/ARHGEF6/Cool-2
(aPIX) at the tips of lamellipodia of motile cells and trans-
mits integrin-ILK signals which activate Cdc42 and Rac1,
small Rho GTPases [6]. We also showed aﬃxin directly binds
to a-actinin which has a crucial role in reorganization of
cytoskeletal actin [7]. Aﬃxin is a protein highly expressed
in skeletal muscle, and mainly localizes at sarcolemma [2].
We previously reported reduced sarcolemmal staining of
aﬃxin in dysferlin deﬁcient skeletal muscles, and conﬁrmed
the association between aﬃxin and dysferlin by an immuno-
precipitation study [8]. Dysferlin is a sarcolemmal protein and
its deﬁciency causes Miyoshi myopathy and limb girdle mus-
cular dystrophy type 2B [9,10]. Based on the observation ofblished by Elsevier B.V. All rights reserved.
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lin is suggested to have an important role in Ca2+-induced
membrane repair [11]. These results imply participation of
aﬃxin in membrane repair process of skeletal muscle together
with dysferlin, although the precise biological function of
aﬃxin in skeletal muscle is not yet clear.
In this study, we established stable C2C12 myoblast cell lines
expressing human aﬃxin (C2C12-aﬃxin cells) to elucidate the
possible role of aﬃxin in skeletal muscle. The C2C12 myoblast
is derived frommouse satellite cell and widely used as an in vitro
model for skeletal muscle [12]. Here we show that exogenous
overexpression of aﬃxin promotes lamellipodium formation.
In the C2C12-aﬃxin cells, aﬃxin is co-localized with bPIX/
ARHGEF7/Cool-1 (bPIX) at lamellipodia together with aPIX,
ILK and dysferlin. bPIX is a close homolog of aPIX and known
to induce membrane ruﬄing [13]. The interaction of aﬃxin with
bPIX is conﬁrmed by immunoprecipitation and pulldown as-
say. The level of activated Rac1 increased in the C2C12-aﬃxin
cells compared to C2C12 cells. Lamellipodium formation of the
C2C12-aﬃxin cells is suppressed by transfection of mutant
aPIX or bPIX lacking guanine nucleotide exchange factor
(GEF) activity. These results suggest an important role of aﬃx-
in in subsarcolemmal actin reorganization by activation of
Rac1 through a and bPIXs in skeletal muscle.2. Materials and methods
2.1. Cell culture and establishment of stable transfectant
C2C12 myoblasts and COS-7 cells were maintained at 37 C in a
humidiﬁed atmosphere of 5% CO2 in Dulbeccos modiﬁed Eagles med-
ium (Sigma) supplemented with 10% fetal bovine serum. C2C12 cells
were transfected with T7-tagged human aﬃxin cDNA subcloned into
pcDNA3.1 (Invitrogen) using Lipofectamine 2000 (Invitrogen). All
construct sequences were veriﬁed with DNA sequencing using ABI
PRISM 310 (Applied Biosystems). The cells expressing T7-tagged hu-
man aﬃxin were selected in growth media with 1 mg/ml G418 (Invitro-
gen). The surviving colonies were isolated and separately ampliﬁed.
Cell line maintenance was performed with 0.5 mg/ml G418.2.2. Antibodies
Monoclonal antibody against human dysferlin (NCL-Hamlet-2) was
purchased from Novocastra. Rabbit polyclonal antibody against hu-
man aﬃxin was previously characterized [2]. Rabbit polyclonal anti-
body against human aPIX was generated as described previously by
Manser et al. [13]. We conﬁrmed that aﬃnity-puriﬁed anti-aPIX anti-
body did not cross-react with human bPIX expressed in COS-7 cells.
Anti-ILK monoclonal antibody (Upstate Biotechnology), anti-bPIX
polyclonal antibody (Chemicon International), anti-bPIX monoclonal
antibody (BD Transduction Laboratories), anti-T7 polyclonal anti-
body (Omni-probe; Santa Cruz), anti-T7 monoclonal antibody (Nova-
gen), anti-HA rat monoclonal antibody (3F10; Roche), anti-HA
monoclonal antibody (262K; New England Biolabs), anti-(His)6 poly-
clonal antibody (His-probe; Santa Cruz), anti-Rac1 (23A8; Upstate)
and Cdc42 (clone 44; BD Transduction Laboratories) were used.
2.3. Immunoﬂuorescent analysis
C2C12-aﬃxin cells seeded on coverslips were ﬁxed for 15 min in 2%
paraformaldehyde in PBS and then permeabilized for 10 min in 0.1%
Triton X-100 in PBS. For double immunolabeling with anti-aﬃxin
and anti-dysferlin antibodies, cells were ﬁxed at 20 C for 10 min in
100% methanol. Coverslips were blocked with 5% goat serum–2%
BSA in PBS and then incubated with primary antibodies for double
labelling. Immunolabeling was detected with goat anti-rabbit IgG
conjugated to FITC and goat anti-mouse IgG conjugated to Cy3 anti-
bodies (Jackson Immunoresearch Laboratories). Cells were observed
with a confocal laser-scanning microscope (LSM5 PASCAL, Carl
Zeiss).2.4. Immunoprecipitation assay
C2C12 and C2C12-aﬃxin cells were lysed in 50 mM Tris–HCl, pH
7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40 and Complete (Roche).
The lysates precleared with Protein A/G-agarose (ImmunoPure,
PIERCE) were incubated with anti-aﬃxin, aPIX and bPIX polyclonal
antibodies and then Protein A/G-agarose was added before an addi-
tional incubation. Immunoprecipitated proteins were dissociated from
beads by boiling in sample buﬀer and resolved by SDS–PAGE. Immu-
noblotting was performed as previously described [14].
COS-7 cells were co-transfected with T7-tagged wild type or deletion
mutant human aﬃxin (RP1 and RP2) and HA-tagged human bPIX
using FuGENE 6 (Roche), and lysed for immunoprecipitation after
48 h. Aﬃxin deletion mutants were generated as previously described
[2,6]. Human bPIX cDNA was cloned from KIAA0142 gifted by Dr.
T. Nagase (Kazusa DNA Research Institute, Japan). Immunoprecipi-
tation was performed as outlined above except that anti-T7 (Novagen)
and anti-HA (New England BioLabs) antibodies were used.
2.5. Gulutathione S-transferase (GST)-bPIX pulldown assay
The GST-bPIX proteins used for the pulldown assay were as fol-
lows: GST-SH3 (corresponding to amino acids of human bPIX 6-
65), GST-Dbl-homology (DH) (aa 93–273), GST-pleckstrin-homology
(PH) (aa 295–400), GST-CC (aa 586–638). cDNA fragments of these
domains were ampliﬁed by PCR and subcloned into pGEX-5X-3
(GE Healthcare). GST fusion proteins expressed in BL21 were puriﬁed
and bound to glutathione Sepharose 4B (GE Healthcare). The COS-7
cells overexpressing T7-tagged human aﬃxin were lysed in the same ly-
sis buﬀer used for immunoprecipitation. Precleared lysates were di-
luted with Buﬀer A (10 mM Tris–HCl, pH 8.0 and 0.1% Tween20)
[15] and incubated with fusion protein bound to glutathione Sepharose
4B. After ﬁve washes in PBS, sample buﬀer was added to the beads and
boiled for 5 min. Bound proteins were resolved by SDS–PAGE and
subjected to immunoblotting using anti-T7 polyclonal antibody.
2.6. (His)6-tagged aﬃxin pulldown assay
cDNAs of deletion mutant aﬃxin (RP1 and RP2) were ampliﬁed by
PCR and subcloned into pET32a (Novagen). The (His)6-tagged RP1
and RP2 were expressed in BL21DE3pLys(S), puriﬁed using Ni-
NTA Spin kit (QIAGEN) and dialyzed against PBS. The pulldown as-
say using GST-bPIX fusion proteins and (His)6-tagged RP1 or RP2
was performed as above.
2.7. Small GTPase activation assay
C2C12 and C2C12-aﬃxin cells were grown until 60–70% conﬂuence.
Cells were lysed in 25 mM HEPES, pH 7.5, 150 mM NaCl, 1% Igepal
CA-630, 10 mM MgCl2, 1 mM EDTA and 2% glycerol. Lysates were
incubated with glutathione Sepharose 4B conjugated with GST-p21-
binding (CRIB) domain (residues 67–150) of human PAK-1 [16]. After
three washes in the lysis buﬀer, the beads were resuspended in sample
buﬀer and boiled for ﬁve minutes. Bound Rac1 and Cdc42 were sepa-
rated on SDS–PAGE and subjected to immunoblotting.
2.8. Introduction of dominant-negative PIX into C2C12-aﬃxin cells
Double mutation of bPIX (L238R, L239S) was introduced by PCR
using appropriate internal primers. These two leucine residues were
highly conserved among Dbl family member and shown to be essential
for GEF activity [17]. bPIX and mutant bPIX (L238R, L239S) were
subcloned into pSRD4-HA for transient expression. The constructs
for transient expression of wild type aPIX and dominant negative
aPIX (L383R, L384S) were as previously described [6]. C2C12-aﬃxin
cells were transfected with wild type or mutant PIX using Lipofect-
amine 2000. After 48 h, cells were ﬁxed and immunolabeled as above.3. Results
3.1. Immunoﬂuorescent analysis of the C2C12-aﬃxin cells
To investigate the possible role of aﬃxin in skeletal muscle,
stable C2C12 cell lines constitutively expressing T7-tagged hu-
man aﬃxin were established. Expression of T7-tagged human
aﬃxin in C2C12-aﬃxin cells was conﬁrmed by immunoblot
using anti-T7 antibody (Fig. 2). The expression level of total
C. Matsuda et al. / FEBS Letters 582 (2008) 1189–1196 1191aﬃxin of C2C12-aﬃxin cells was slightly higher than original
C2C12 cell on immunoblotting using anti-aﬃxin antibody (data
not shown). Exogenous expression of T7-aﬃxin in the C2C12
cells induced lamellipodia (Fig. 1). Only 10–20% of originalFig. 1. Immunoﬂuorescence analysis of stable C2C12 cells expressing hum
phalloidin labelling. Antibodies were applied in ﬁve double-staining combin
aPIX; anti-aﬃxin and bPIX and anti-aﬃxin and dysferlin. Exogenous aﬃxi
with ILK, aPIX, bPIX and dysferlin lamellipodium tips (arrowheads) in theC2C12 myoblasts showed lamellipodium formation, while
more than half of the C2C12-aﬃxin cells formed lamellipodia
without any stimulation (Fig. 1). Formation of lamellipodia
was conﬁrmed by labelling F-actin with rhodamine–phalloidin.an aﬃxin. Lamellipodium formation was conﬁrmed by rhodamine–
ations: anti-aﬃxin and phalloidin; anti-aﬃxin and ILK; anti-T7 and
n was labelled with anti-T7 monoclonal antibody. Aﬃxin co-localizes
C2C12-aﬃxin cells. Scale bar, 20 lm.
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F-actin at the tips of lamellipodia (Fig. 1). Transient expres-
sion of aﬃxin without T7-tag promoted the lamellipodium for-
mation of C2C12 cells as T7-tagged aﬃxin (data not shown).
Exogenous aﬃxin was expressed in both the cytoplasm and
at the tips of lamellipodia as C2C12-endogenous aﬃxin (data
not shown). We have previously shown the co-localization of
aﬃxin and ILK, a binding partner of aﬃxin, at focal adhesion
and at the tips of leading edge in Chinese hamster ovary
(CHO) cells [2], and at sarcolemma of human skeletal muscle
ﬁbers [8]. In C2C12-aﬃxin cells, ILK was enriched and co-
localized with aﬃxin in lamellipodia (Fig. 1) as original
C2C12 cells. Cytoplasmic aﬃxin in the C2C12-aﬃxin cells
was partially co-localized with ILK.
aPIX, a binding partner of aﬃxin co-localizes with exoge-
nous aﬃxin at the tips of lamellipodia in 3Y1 cells (rat ﬁbro-
blasts) [6] and CHO-K1 cells [18]. In the C2C12-aﬃxin cells,
endogenous aPIX accumulated intensely at the tips lamellipo-
dia and co-localized with aﬃxin (Fig. 1), while diﬀuse ﬁne
cytoplasmic granular staining of aPIX without lammellipodi-
um accumulation was observed in the original C2C12 cells
(data not shown). The C2C12-aﬃxin cells also showed intense
staining of bPIX, a homolog and a binding partner of aPIX
[18,19], at lamellipodia, suggesting a possible association of
aﬃxin and bPIX. The co-localization of bPIX and aﬃxin
was observed at lamellipodia of original C2C12 cells (data
not shown). Cytoplasmic a and bPIXs were also co-localized
with aﬃxin in the C2C12 cells. We then examined subcellular
localization of dysferlin, a binding partner of aﬃxin, in
C2C12-aﬃxin cells. As we reported earlier, cytoplasmic granu-
lar staining of dysferlin with no sarcolemmal accumulation
was observed in the undiﬀerentiated C2C12 cells [8]. In the
C2C12-aﬃxin cells, dysferlin accumulated and co-localized
with aﬃxin at lamellipodia. These results show that aﬃxin
co-localizes with ILK, aPIX, bPIX and dysferlin at the tips
lamellipodia in the C2C12-aﬃxin cells.Fig. 2. (A) Conﬁrmation of the association of aﬃxin and bPIX. Cell
lysates form the C2C12-aﬃxin and C2C12 cells were immunoprecip-
itated with anti-aﬃxin, anti-bPIX and anti-aPIX antibodies. Immu-
noprecipitates were subjected to immunoblotting with the same
antibodies used for immunoprecipitation. Aﬃxin was speciﬁcally co-
immunoprecipitated by anti-bPIX antibody and vice versa. Co-
immunoprecipitation of T7-tagged exogenous aﬃxin was conﬁrmed
by probing with anti-T7 antibody. As reported previously, aPIX was
speciﬁcally co-immunoprecipitated by anti-aﬃxin and anti-bPIX
antibodies. (B) Identiﬁcation of bPIX-binding domain of aﬃxin by
immunoprecipitation assay. T7-tagged wild type or deletion mutants
of aﬃxin and HA-tagged bPIX were co-expressed in COS-7 cells. A
schema of deletion mutants of aﬀxin is shown at the top. Immuno-
precipitation was performed with anti-T7 and anti-HA antibodies.
bPIX was co-immunoprecipitated with wild type aﬃxin and RP1 and
vice versa, but not with RP2.3.2. Analysis of the association between aﬃxin and bPIX by
coimmunoprecipitation assay
To deﬁne possible association between aﬃxin and bPIX,
immunoprecipitation was performed using the C2C12-aﬃxin
and original C2C12 cells. As shown in Fig. 2A, aﬃxin was spe-
ciﬁcally co-immunoprecipitated with anti-bPIX antibody and
reciprocally, bPIX was speciﬁcally co-immunoprecipitated by
anti-aﬃxin antibody in both C2C12-aﬃxin and original
C2C12 cells. There is no signiﬁcant quantitative diﬀerence in
co-immunoprecipitated aﬃxin, a and bPIXs between C2C12-
aﬃxin and original C2C12 cells. Further, aPIX was speciﬁcally
co-immunoprecipitated by anti-aﬃxin [6] and anti-bPIX
[18,19] antibodies in C2C12-aﬃxin and original C2C12 cells
as previously reported. Aﬃxin or bPIX was not co-immuno-
precipitated by control rabbit IgG.
To identify the region within aﬃxin that interacts with
bPIX, immunoprecipitation was also performed using COS-7
cells transiently co-transfected with full-length or deletion mu-
tants [2] of T7-human aﬃxin (Fig. 2A) and HA-human bPIX.
As shown in Fig. 2B, the full-length T7-aﬃxin was co-immu-
noprecipitated by anti-HA antibody. Reciprocally, HA-bPIX
was speciﬁcally co-immunoprecipitated by anti-T7 antibody,
while control mouse IgG was not. Aﬃxin-RP1 containing N-
terminal CH domain (CH1) was co-immunoprecipitated byHA-bPIX (Fig. 2B), while aﬃxin-RP2 containing C-terminal
CH domain (CH2) was not. These and previous reported ﬁnd-
ings [6] suggest that aﬃxin can interact with both a and bPIXs
via CH1 domain.3.3. Identiﬁcation of the binding domain of bPIX to aﬃxin by
pulldown assay
To identify aﬃxin-binding domain of bPIX, a pulldown as-
say was performed. The lysates from COS-7 cells overexpress-
Fig. 3. Identiﬁcation of aﬃxin-binding domain in bPIX by pulldown
assay. (A) Cell lysates from COS-7 cells overexpressing T7-tagged
aﬃxin were incubated with glutathione Sepharose 4B beads bound to
GST, GST-SH3, GST-DH, GST-PH and GST-CC. Domain structures
of bPIX are shown at the top. After overnight incubation at 4 C, the
beads were washed and bound proteins were subjected to immuno-
blotting with anti-T7 polyclonal antibody. A band at 50 kDa, which
corresponds to T7-aﬃxin, was detected in GST-DH and GST-PH.
GST fusion proteins used for the pulldown assay were stained with
coomasie brilliant blue. GST, GST-SH3, GST-DH, GST-PH and
GST-CC domains have molecular masses of 26, 32.8, 46.6, 38 and
32.3 kDa, respectively. (B) Bacterially expressed (His)6-tagged RP1
and RP2 were puriﬁed and incubated with GST-bPIX domains as
described above. The proteins bound to GST fusion proteins were
subjected to immunoblotting using anti-(His)6 antibody.
Fig. 4. Pulldown assay of active Rac1 and Cdc42. C2C12-aﬃxin and
C2C12 cells were lysed and incubated with glutathione Sepharose 4B
conjugated with GST-p21-binding (CRIB) domain (residues 67–150)
of human PAK-1. The CRIB domain speciﬁcally associates with Rac-
GTP and Cdc42-GTP. The total amounts of Rac1 and Cdc42 were
assessed by the immunoblotting using the cell lysates.
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ing each domain of human bPIX bound to glutathione Sephar-
ose 4B. Fig. 3A shows that the DH and PH domains of bPIX
can interact with T7-aﬃxin, whereas the SH3 and CC domains
of bPIX failed. PH domain of bPIX showed higher aﬃnity to
T7-aﬃxin than DH domain of bPIX. To examine whether
aﬃxin-RP1 directly binds to DH and PH domains of bPIX,
pulldown assay was performed using bacterially expressed
(His)6-tagged RP1 instead of cell lysate. As shown in
Fig. 3B, (His)6-tagged RP1 was bound to DH and PH domains
of bPIX, whereas (His)6-tagged RP2 failed to interact with any
domain of bPIX. PH domain of bPIX showed higher aﬃnity
to (His)6-tagged RP1 than DH domain of bPIX. These results
were consistent with the result of a pulldown assay using cell
lysates and suggest direct interaction between aﬃxin and
bPIX.
3.4. Rac1 but not Cdc42 is activated in C2C12-aﬃxin cells
The reorganization of cytoskeletal actin is regulated by Rho
family small GTPases. bPIX is known as a speciﬁc GEF forRac1/Cdc42 and induces membrane ruﬄing [13]. To examine
whether Rac1/Cdc42 is activated in the C2C12-aﬃxin cells, a
pulldown assay was performed using GST-fusion protein de-
rived from PAK, the eﬀector protein of Rac1 and Cdc42. Cell
lysates from C2C12-aﬃxin and C2C12 cells were incubated
with GST-p21 binding domain of PAK bound to glutathione
Sepharose 4B. This analysis revealed increased level of Rac1-
GTP in the C2C12-aﬃxin cells (Fig. 4). There was no signiﬁ-
cant diﬀerence in Cdc42-GTP. The total expression levels of
Rac1 and Cdc42 protein in the C2C12-aﬃxin were equivalent
to the C2C12 cells. These results indicate that the exogenous
expression of aﬃxin can activate Rac1 but not Cdc42 in
C2C12 cells.
3.5. Dominant-negative bPIX suppresses lamellipodium
formation in the C2C12-aﬃxin cells
Activation of Rac1 is mediated by GEFs including bPIX
[20]. To examine the involvement of bPIX in lamellipodium
formation observed in the C2C12-aﬃxin cells, the HA-tagged
dominant negative mutant of bPIX were introduced into the
C2C12-aﬃxin cells. Exogenous bPIX and aﬃxin were labelled
with anti-HA and anti-T7 antibodies, respectively. As shown
in Fig. 5, the C2C12-aﬃxin cells overexpressing wild type
bPIX form lamellipodia as observed in the C2C12-aﬃxin cells
without transfection. In contrast, dominant negative mutant of
bPIX (L238R, L239S) suppressed the lamellipodium forma-
tion in the C2C12-aﬃxin cells. The association of dominant
negative bPIX and aﬃxin was conﬁrmed by an immunoprecip-
itation study using COS-7 cells (data not shown). Similar inhi-
bition of lamellipodium formation was observed in the C2C12-
aﬃxin cells transfected with dominant negative mutant of
aPIX.. In C2C12-aﬃxin cells transiently transfected with dom-
inant negative mutants of PIX, expression level of aﬃxin, a
and bPIXs was equivalent to C2C12-aﬃxin cells without trans-
fection on immunoblot (data not shown). These results suggest
that both a and bPIXs are necessary for the lamellipodium for-
mation in the C2C12-aﬃxin cells.4. Discussion
Lamellipodium is the dynamic actin-based structure and its
formation is mediated by the activation of Rho family small
GTPases and their eﬀector proteins. Small Rho GTPases are
activated by GEFs, which catalyze exchange of GDP for
Fig. 5. Immunoﬂuorescence analysis of the C2C12-aﬃxin cells transformed with the dominant negative mutants of PIXs. The C2C12-aﬃxin cells
were transfected with wild type or dominant negative mutants of PIXs, aPIX (L383R, L384S) and bPIX (L238R, L239S). Exogenous PIX and aﬃxin
were simultaneously immunolabeled with anti-HA and anti-T7 antibodies, respectively. Scale bar, 20 lm.
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omerization and relief of intramolecular inhibitory sequence
[21]. More than 60 GEFs including PIXs have been identiﬁed
in human genomic sequences [22]. bPIX expression levels are
highest in skeletal muscle by Northern blot analysis using
KIAA clones as probes (KIAA0142, http://www.kazu-
sa.or.jp/huge/gﬁmage/northern/html/KIAA0142.html).
In C2C12 cells, exogenous expression of aﬃxin induced
prominent lamellipodia. Accumulated bPIX, together with
ILK was observed at the tips of lammelipodia and co-localized
with aﬃxin. The interaction of aﬃxin and bPIX was conﬁrmed
by immmunoprecipitation and pulldown assays. These datasuggest that aﬃxin could promote reorganization of subsarco-
lemmal actin cytoskeleton associated with accumulation of
GEFs.
We previously demonstrated that Madin-Darby canine kid-
ney cells overexpressing CH1 domain of aﬃxin formed mem-
brane protrusions, while control cells transfected with lacZ
showed a cobble-like morphology [6]. This CH1-induced reor-
ganization of cytoskeletal actin is mediated by the activation of
both Rac1 and Cdc42 through aPIX. Interestingly, only Rac1
but not Cdc42 is activated in the C2C12-aﬃxin cells used for
this study. aPIX has been reported to contain Rac-speciﬁc
interaction domain at C-terminus of PH domain [23]. When
C. Matsuda et al. / FEBS Letters 582 (2008) 1189–1196 1195aPIXs form a homodimer, the DH domain of one molecule
and Rac-speciﬁc interaction domain of another molecule work
together and bind Rac speciﬁcally, whereas monomeric aPIX
can interact with Cdc42 as well as Rac. Despite the lack of a
Rac-speciﬁc interaction domain, bPIX binds directly and acti-
vates Rac1 speciﬁcally but not Cdc42 in human embryonal
kidney 293 cells [24]. Previous study using yeast two hybrid
system [18,19] and our immunoprecipitation results have
shown that a and bPIX form heterodimers in the C2C12-aﬃx-
in cells (Fig. 2A), although their speciﬁcity for small GTPase
remains unclear. We have also shown that lamellipodium for-
mation in the C2C12-aﬃxin cells was inhibited by overexpres-
sion of dominant negative forms of a or bPIX (Fig. 5). From
these results, we suspect that the DH domain of bPIX and the
Rac-speciﬁc interacting domain of aPIX work together and
activate speciﬁcally Rac1. Further analyses are needed to elu-
cidate the precise regulation of GEF activity of both PIXs in
C2C12-aﬃxin cells.
Lamellipodium formation is essential for cell motility. In
epithelial cell monolayer, the cells around the wounded edge
form lamellipodia and activation of Rac1 but not Cdc42 or
Rho is required for wound closure [25]. Similarly, activated
satellite cells form lamellipodia and migrate around the in-
jured lesion during skeletal muscle regeneration [26]. Very re-
cently, dysferlin reportedly localized in the T-tubule system of
diﬀerentiating C2C12 cells and was recruited to the wounded
site [27]. Dysferlin is known to have an important role in
skeletal muscle wound healing [11]. In response to the sarco-
lemmal injury of muscle ﬁbers, dysferlin patch was formed
around wounded sites for resealing in a calcium-dependent
manner. Calcium-dependent membrane resealing is also re-
ported in wounded Xenopus oocyte, where Cdc42 and RhoA
are activated [28]. Membrane repair is composed of two pro-
cess: plasma membrane resealing and reorganization of sub-
sarcolemmal cytoskeleton [29]. Accumulation of dysferlin
and activation of Rac1 via PIXs in the lamellipodia of
C2C12-aﬃxin cells may suggest the involvement of these mol-
ecules in sarcolemmal repair followed by cytoskeletal actin
reorganization.
In conclusion, exogenous expression of aﬃxin promotes
lamellipodium formation in C2C12 myoblasts via activation
of Rac1 by a and bPIXs. Reorganization of cytoskeletal actin
mediated by aﬃxin may be involved in the skeletal muscle dys-
ferlin-related membrane repair system.
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